Abstract: Vowel representations in terms of single-unit discharge rates were recorded from ventral cochlear nucleus (VCN) neurons at several stimulus levels and in the presence of continuous background noise. VCN chopper units exhibited formant-to-trough rate difference scores (neural d'values) that were larger than those of VCN primarylike units and auditory-nerve fibers across all stimulus conditions. These results suggest that the peripheral encoding of speech sounds is enhanced by the high degree of auditory nerve convergence on chopper units.
INTRODUCTION
Previous electrophysiological studies have provided convincing support for auditory nerve representations that are based on average discharge rates or temporal firing patterns . One of the strongest arguments against the utility of an average rate coding scheme is its apparent failure to maintain faithful representations at high sound levels and in the presence of background noise. In this report, it it shown that patterns of auditory nerve convergence in the VCN enhance the dynamic range of average rate representations beyond values recorded in the auditory periphery.
METHODS
Le Prell et al. (I 996) introduced a method for estimating the rate representation of vowel sounds from the responses of small numbers of auditory neurons. As illustrated in Fig. lA , their spectrum manipulation procedure (SMP) involves frequency-shifting the formant structure of a vowel (here, the vowel is /E/, as in 'get') so that responses to a formant peak at 1.7 kHz (F2) and a spectral trough at I .2 kHz (Tl) can be measured from the same neuron. Test features are placed at the best frequency (BF: most sensitive frequency) of the unit under study by changing the playback rat& of digitized stimuli. Symbols in Fig. 1 B show average F2 and T 1 -driven rates elicited from a VCN chopper unit by 50 presentations of a 43 dB vowel. Note that the 388 sp/s F2-driven rate is much higher than the 147 sp/s response to the low energy Tl feature. These rate differences form the basis of a coding scheme in which a vowel's formant structure is reflected as peaks of activity among those units with BFs near formant frequencies . Methods for estimating the complete rate profile (shown by the line in Fig. IS) are described by May et al. (1996) .
The quality of a vowel representation cannot be viewed only in terms of the F2-to-TI rate difference because discriminability can be weakened by variability. These effects are quantified with d' values, as shown in Eq. 1.
The numerator of Eq. I computes the F2-to-T1 rate difference from the average driven rates elicited by the formant (D&) and trough feature (DRr). The denominator is the standard deviation of those rates (indicated by error bars in Fig. IB) . Responses shown in Fig. IB yield a d 'score of 12.4 which indicates a highly discriminable F2 peak.
RESULTS
Data are presented separately for sustained choppers (ChS) and transient choppers (ChT), which were classified using criteria of Blackbum and Sachs (1989) . Primarylike units have been divided according to low (I 18 sp/s) vs. high (> I8 sp/s) spontaneous rates (SRs). Chopper units provided average rate representations that were better across all vowel levels than those seen in the auditory nerve ( Fig. 2A ; auditory nerve data are from Le Prell et al. 1996) . In general, primarylike responses were worse than those of auditory-nerve fibers with similar SR (Fig. 2B) , although low SR primarylike units produced representations that rivaled those of chopper units at high levels. Chopper units also produced superior vowel representations when tested in background noise (Fig. 2C) . Under these conditions, primarylike units exhibited vowel encoding properties that were equal to auditory nerve representations and clearly worse than chopper representations (Fig. 2D) .
DISCUSSION
Chopper units achieve formant-to-trough rate differences that are much higher in magnitude than primary afferents; at the same time, response variability is approximately equal in auditory nerve and cochlear nucleus. These factors, which presumably arise from highly convergent auditory nerve inputs, combine to create a response type that is ideally suited for encoding vowel spectra. Rate enhancement is not observed for VCN primarylike units because their activity is determined by a relatively small number of auditory-nerve fibers via powerful endbulb synapses.
